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Kaushik Bhattacharya:
International Congress of Theoretical and Applied Mechanics, Beijing, Aug. 2012 (Sectional Lecture).

PIRE Summer School on New Frontiers in Multiscale Analysis and Computing for Materials, Minneapolis Jun. 2012 (Six Lectures).

Sossina Haile:

"Phase Behavior of Superprotonic Solid Acid Electrolytes," Plenary Lecture, 16th International Conference on Solid State Proton
Conductors, Sept 9-13, 2012, Grenoble, France

"Phase Behavior of Proton-conducting Oxyanion Solid Acid Electrolytes," Keynote Lecture, 19th International Conference on Solid State
ITonics, May 2-7, 2013, Kyoto, Japan

Ichiro Takeuchi:

“Thermoelastic cooling and multiferroic devices,” Multifucntional Materials Workshop, Panama, August 8th
“Combinatorial approaches to multifunctional materials,” Dept seminar, MSE, NCSU, August 31st

“Multiferroic devices,” Dept seminar, Electrical Engineering, Northeastern Univ., September 20th

“Data-driven approaches to combinatorial materials discovery,” Materials Genome Initiative Workshop, October 4th
“Combinatorial search for rare-earth free permanent magnets,” Int. Workshop on Combinatorial Materials Science, Charleston, South
Carolina, October 23rd

“Thermoelastic cooling,” UK Royak Society Seminar, London, UK, February 19th, 2013

“Data-driven approaches to combinatorial strategy,” DPG Meeting, Regensburg, Germany, March 12, 2013
“Combinatorial discovery of lead-free piezoelectric materials,” Piezoelectric Materials Workshop, April 9th
“Combinatorial search of multifunctional materials,” Nano Electronic Materials Symposium, Kanazawa, Japan, June 19th
“Thermoelastic cooling,” Univ, of Tokyo Seminar Day, Kashiwa, Japan, June 26th

“Thermoelastic cooling,” Banff Research Station, Banff, Canada, July 18th

Jeff Snyder:

December 2012 “Thermoelectrics Materials for Energy” JUAMI workshop, Addis Abeba, Ethiopia.

November 2012 “Band Structure Engineering of Thermoelectric Materials” Wuhan, China

September 2012 “Complex Thermoelectric Materials” U. Tokyo, Japan

September 2012 “The Thomson cooler derived from the Compatibility Factor Approach to the analysis of Thermoelectric Devices”
Workshop on Thermoelectrics, Waseda University, Japan

September 2012 “Complex Thermoelectric Materials” Shizuoka U., Japan

September 2012 “Band Engineering for High Efficiency Thermoelectrics” IUMRS, Yokohama, Japan

July 2012 “Designing Thermoelectric Transport in Zintl Phases” Solid State Chemistry Gordon Conference, NH

June 2012 “Band Engineering for Thermoelectrics” Martin Luther University, Halle, Germany

June 2012 “Complex Thermoelectric Materials” Nature Conference, Aachen Germany

March 2012 “Optimizing overall Efficiency in Thermoelectric Generators” DOE-Thermoelectric Applications Workshop, Baltimore MD.
February 2012 “Complex Thermoelectric Materials” Visiting Professor Lecture, Wuhan Institute of Technology, Wuhan China.
January 2012 “Band Engineering for Thermoelectrics” Indo-USA workshop, Mumbai, India

Jiangyu Li

-Nanoscale Electromechanics in Biology, 7th International Conference on Materials for Advanced Technology, Nanoscale
Electromechanics in Biology, Singapore, July 2013.

-Nanoscale Electromechanics: from Biological Ferroelectricity to Li-ion Batteries, [UTAM Symposium on Hysteresis and Pattern
Evolution in Non-equilibrium Solid-Solid Phase Transitions, Hong Kong, China, August, 2012.



Richard James
-2012 James K. Knowles Lecture, Caltech ($3”{\rm rd}$ in this series), *‘Materials for the direct conversion of heat to electricity"

-Keynote Lecture (one of three), ASME Conference on Smart Materials, Adaptive Structures and Intelligent Systems, Stone Mountain, GA,
“*The direct conversion of heat to electricity using multiferroic materials with phase transformations"

-2013 Pedro Nunes Lectures, Lisbon, *"New methods for the direct conversion of heat to electricity suggested by geometry"; also, an
advanced course on “Compatibility, hysteresis and the direct conversion of heat to electricity" (Lisbon)

-Lecture series on *'Compatibility, hysteresis and energy conversion,
CNA Summer School, Carnegie Mellon (5 lectures, May 30 - June 7 )

-Plenary Lecture, Mandel Symposium, **Compatibility, hysteresis and the\cr direct conversion of heat to electricity" (June 27)

-Colloquia at Rutgers, UW Seattle,
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08/30/2013 18.00 D. Kitchaev , S. M. Haile, A. Ikeda. Phase behavior and superprotonic conductivity in the
Cs1-xRbxH2P0O4 and Cs1-xKxH2PO4 systems”,
Chemistry of Materials ()

12/20/2012 42.00 Hsin-Yi Kuo, Kaushik Bhattacharyall. Fibrous composites of piezoelectric and piezomagneticphases,
Mechanics of Materials (06 2012)
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Kaushik Bhattacharya:

Fellow, Society for Industrial and Applied Mathematics, 2013.

Graduate Student Council Teaching and Mentoring Award, California Institute of Technology,
2013.

Jiangyu Li

-Jiangyu Li was promoted to Full Professor at the University of Washington in 2013.

Ichiro Takeuchi:

-A continuation of an earlier project, which was partially supported by the MURI, on thermoelastic cooling was funded by
ARPA-E.

-The above invited review appeared on the cover of Journal of Applied Physics (attached)
-We started a new collaboration on combinatorial investigation of materials for solid oxide fuel cells with Sossina Haile.
Jeff Snyder:

Jeff Snyder, Elected Treasurer of the Board of Directors of the International Thermoelectric Society

Yanzhong Pei (Postdoc of Snyder) received the Young Investigator Award for outstanding postdoctoral work in
thermoelectrics at International Conference in Thermoelectrics, Kobe Japan, June 2013.

Alex Zevalkink (Student of Snyder) received the Goldsmid Award for outstanding graduate work in thermoelectrics at
International Conference in Thermoelectrics, Kobe Japan, June 2013.

Eric Toberer (Postdoc of Snyder) received the Young Investigator Award for outstanding postdoctoral work in
thermoelectrics at International Conference in Thermoelectrics, Traverse city, June 2011.

Andrew May (Student of Snyder) received the Goldsmid Award for outstanding graduate work in thermoelectrics at
International Conference in Thermoelectrics, Shanghai China, May 2010.

Andrew May (Student of Snyder) received the Demetriades-Tsafka-Kokkalis Prize for outstanding graduate work in
sustainable energy at Caltech, June 2010.

Jiangyu Li, 2008 ICCES Young Investigator Award in Theory; 2008 Nemat-Nasser Early Career Medal, American Society
of Mechanical Engineers; Engineers; MURI supported research chosen as PRL editors’ suggestion, featured by BBC, New
Scientist, Inside Science News Service, APS Physics Viewpoint, and highlighted by Nature Nanotechnology, NSF News,
and many other media.

Karen Rabe, 2008 David Adler Lecturership Award of the American Physical Society

Sossina Haile, 2008 NSF American Competitiveness Initiative (ACI) Fellow; 2008 Lucy Pickett Lecturer in Chemistry at
Mount Holyoke College; 2009 Dow Distinguished Lecturer at UCSB; 2010 Chemical Pioneer Award of the American
Institute of Chemists; 2010 Outstanding Women in Science Lecturer, University of Indiana, Bloomington; International
Ceramics Prize (World Academy of Ceramics) 2012; Carl Braun Professorship, 2012.

Kaushik Bhattacharya, 2007-2008 Southwest Mechanics Lecturer, Howell N. Tyson Professor of Mechanics.

Ichiro Takeuchi, 2008 invited participant of the US Frontiers of Engineering Symposium of the National Academy of
Engineering

Richard James, 2008 Prager Medal of the Society of Engineering Science; 2008 Drucker Medal of American Society of
Mechanical Engineers; 2009 Brown Engineering Alumni Medal

Jeff Snyder, Elected to the Board of Directors of the International Thermoelectric Society

Mary Louie, (student of Haile) Dokiya Fund (in support of attendance of SSPC 14, Sept 7-11, 2008, Kyoto, Japan), - ECS
Student Travel Grant (from the Energy Technology Division), in support of attendance at the 213th Meeting of the
Electrochemical Society, May 18-23, 2008, Phoenix, AZ); 2008 Ludo Frevel Crystallography Scholarship Award; 2008
Baker Hughes Scholarship of the Society of Women Engineers

Chris Long (student of Takeuchi), 2009 Ludo Frevel Crystallography Scholarship Award

Chris Palmstrem, 2012 MRS Fellow; 2008, 2011 Elected secretary/treasurer of APS Division of Materials Physics

Jason Kawasaki (student of Palmstrem), 2012 MRS Student Gold Award, 2011 North American MBE student award
Ichiro Takeuchi was elected fellow of American Physical Society 2010



Graduate Students

NAME PERCENT SUPPORTED Discipline
Yi Wang 0.00
Ayako lkeda 0.00
Chatr Panithipongwut 0.00
Greg Pomrhen 0.00
Nick Heinz 0.00
Yuanming Liu 0.00
Xian Chen 0.00
Yintao Song 0.00
Bharat P. Penmecha 0.00
FTE Equivalent: 0.00
Total Number: 9

Names of Post Doctorates

NAME PERCENT_SUPPORTED
Tiberiu Onuta 0.00
Teruyuki lkeda 0.00
Eric Toberer 0.00
Vijay Srivastava 0.00
Kanwal Bhatti 0.00
FTE Equivalent: 0.00
Total Number: 5

Names of Faculty Supported

NAME PERCENT_SUPPORTED National Academy Member
Richard D. James 1.00
Ichio Takeuchi 1.00
Jiangyu Li 1.00
Sossina Haile 1.00
Jeff Snyder 1.00
Chris Palmstrom 1.00
Harry Atwater 1.00
Kaushik Bhattacharya 1.00
Karin Rabe 1.00
Manfred Wuttig 1.00
FTE Equivalent: 10.00
Total Number: 10

Names of Under Graduate students supported

NAME PERCENT SUPPORTED

FTE Equivalent:
Total Number:




Student Metrics

This section only applies to graduating undergraduates supported by this agreement in this reporting period

The number of undergraduates funded by this agreement who graduated during this period with a degree in

The number of undergraduates funded by this agreement who graduated during this period: ...... 0.00

science, mathematics, engineering, or technology fields:---- 0.00

The number of undergraduates funded by your agreement who graduated during this period and will continue
to pursue a graduate or Ph.D. degree in science, mathematics, engineering, or technology fields:------ 0.00
Number of graduating undergraduates who achieved a 3.5 GPA to 4.0 (4.0 max scale):...... 0.00

Number of graduating undergraduates funded by a DoD funded Center of Excellence grant for
Education, Research and Engineering:...... 0.00

The number of undergraduates funded by your agreement who graduated during this period and intend to
work for the Department of Defense ...... 0.00

The number of undergraduates funded by your agreement who graduated during this period and will receive
scholarships or fellowships for further studies in science, mathematics, engineering or technology fields: ...... 0.00

Names of Personnel receiving masters degrees

NAME
Total Number:
Names of personnel receiving PHDs
NAME
Xian Chen
Yintao Song
Bharat P. Penmecha
Total Number: 3
Names of other research staff

NAME PERCENT SUPPORTED
Leslie Rico 0.00

0.00

FTE Equivalent:
Total Number:

Sub Contractors (DD882)

Inventions (DD882)




Scientific Progress

The MURI project has opened a new path towards unprecedented multifunctional materials. The research in the project has
unequivocally established that it is possible to have first order structural transformation with virtually no hysteresis and with little
limitation on the extent of structural change. Since electronic structure and consequently electrical, magnetic, optical and
mechanical properties depend on structure, structural phase transformation provides a way of coupling an unusual combination
of electrical, magnetic, optical and mechanical properties. The project has discovered new materials, developed new
experimental and theoretical tools and demonstrated prototype applications.

A few highlights of the results of the MURI project.

* Discovery of a new lead-free piezoelectric material. Takeuchi et al. have demonstrated that (Bi,Sm) FeO3 has a morphotropic
phase boundary at about 14 at% Sm. The piezoelectric coefficient d33 is 110 pm/V and the dielectric coefficient ¢33 is over 400
while loss factor (tan ¢,) remains low at less than 0.02 at this composition. These are comparable to the commercial PZT. This
material was discovered through a combinatorial search. Rabe et al. have used first principles methods to show that this
morphotropic boundary happens as a result of an electrically-driven phase transition. Bhattacharya and Li have suggested that
hysteresis is low because of frustration at this composition.

* Discovery of a suite of new low-hysteresis shape-memory alloys. James, Takeuchi, Wulttig et al. have developed a very large
number of shape-memory alloys with extremely low hysteresis. These are tertiary and quaternary modifications of NiTi and the
best alloys have a thermal hysteresis lower than 1K with significant transformation strain. These alloys were developed using a
strategy suggested by James based on theoretical analysis that materials with compatible interfaces — mathematically where
the middle eigenvalue of the transformation matrix is one — would display very little hysteresis. James et al. have also shown
that these alloys display a habit plane with no internal twinning.

* Discovery of a low-hysteresis Heusler alloy with unusual magnetic properties. James, Wuttig et al. have shown that
Ni45Co5Mn40Sn10 undergoes a martensitic transformaton with significant strain and very little hysteresis. Further, this alloy
becomes magnetized with a magnetization of about 100 emu/cc at the transformation temperature. James et al. have
suggested a new strategy for energy recovery from waste heat using this alloy.

+ Discovery of a new fatigue-free shape-memory alloy and a thermoelectric air-conditioner. James, Takeuchi et al. have shown
that the low hysteresis shape-memory alloys also have extremely long fatigue life. Takeuchi et al. have used this material to a
prototype a 1kW thermoelectric air-conditioner using this alloy.

* A new strategy for the phase-transforming thin films. While phase transformations enable various functional properties, it is
difficult to implement these in thin films where the substrate constrains these transformations. Palmstrem, James et al. have
explored a new strategy where the orientation of the film is epitaxially chosen to be coincident to the twin-free habit plane. This
enables large shape-change during transformation with no interference from the substrate.

* Three strategies to obtaining hysteresis-free materials. The MURI team proposed and exploited three different strategies to
obtain materials that undergo first order phase transtions with very little hysteresis. (i) James suggested based on a theoretical
analysis that compatible interfaces — mathematically where the middle eigenvalue of the transformation matrix is one — would
display very little hysteresis. The MURI team has demonstrated this in a number of material systems. (ii) Bhattacharya and Li
showed that frustration can give rise to the morphotropic phase boundaries in perovskite systems, and that the hysteresis
would be small at these morphotropic phase boundaries. Wuttig et al. used a novel diblock copolymer based sol-gel synthesis
to create a microstructure of triangular array of ferromagnetic columns in a piezoelectric matrix. The antiferromagnetic coupling
between the columns gave rise to frustration and this led to electro-magnetic coupling with very small hysteresis. (iii) Wuttig,
Takeuchi et al. have recently shown that nanoscale defects in magnetic materials with a long exchange length can give rise to
extremely low hysteresis.

« Exploitation of electronic structure calculations to predict new and unusual phase transitions. Rabe has developed a strategy
to use first principle calculations to identify potential phase transitions. The strategy is to use phonon dispersion to identify soft
modes, and then stabilize them using external fields like electric field, chemical pressure or epitaxial strain. This strategy
identified the source of the morphotropic boundary in (Bi,Sm) Fe O3.

* New theoretical and experimemental methods. The MURI developed a host of new theoretical and experimental methods.
These include a new method for studying extended crystal defects using density functional theory (Bhattacharya), a new
method of identifying transformation strains based on x-ray diffraction data (James), a new scanning probe approach to
studying electromechanical coupling (Li), an environmental chamber to conduct x-ray diffraction at controlled humidity (Haile)
and a new high-throughput approach to x-ray diffraction (Takeuchi).

* Novel applications of multifunctional materials. Atwater et al. have developed a number of tunable photonic devices where
strain is used to tune the device characteristics. Current research seeks to integrate it with Au-Cu-Zn shape-memory alloy.
James et al. have suggested a new strategy for energy recovery from waste heat using low-hysteresis based Heusler alloys.
Takeuchi et al. have used the high fatigue life shape-memory alloy to prototype a 1kW thermoelectric air-conditioner using this
alloy.

* To date the project has contributed to the training of over 30 graduate students and 10 post-doctoral scholars, and resulted in
over 100 peer-reviewed journal publications, over 70 conference talks (including plenary talks) and 3 patents.
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